The present article investigates theoretically the refection and transmission through a lossless dielectric slab embedded be− tween two semi−infinite left−handed materials (LHMs) 
Introduction
In the past two decades, much interest has grown in materi− als with simultaneously negative effective magnetic perme− ability and electric permittivity, mainly due to the recent interest in anomalous properties of these materials [1] [2] [3] [4] [5] [6] . Such complex materials were referred to as double negative or left−handed metamaterials (LHMs). These materials have been synthesized in the microwave regime by embedding arrays of metallic split−ring resonators and wires in a host medium and some of their unconventional characteristics have been experimentally demonstrated [5] . Construction of LHMs in the near−infrared and visible regimes confronts certain challenges, since in these frequency regimes the magnetic permeability tends to approach the free space per− meability. However, the design of nano−inclusions made of properly arranged collections of plasmonic metallic nano− −particles that may exhibit a resonant magnetic dipole col− lective response in the visible domain was presented [6] . These inclusions when embedded in a host medium, they provided metamaterials with negative effective permeabi− lity at optical frequencies.
A tremendous work has been published to investigate the properties of structures involving LHMs and possible applications of these structures. A wave−absorber model with air/LHM/dielectric/metal structure was proposed and wave−absorption properties of the structure were theoreti− cally analyzed and numerically simulated [7] . Interaction of two dark solitons in nonlinear LHMs and the generation of new electromagnetic envelops were studied [8] . The propa− gating characteristics of a surface mode supported by an asymmetrical three−layer waveguide containing LHMs were investigated and the forward and backward surface modes were identified respectively through the slope of dispersion curve and the total energy flux of the structure [9] . Three normalized parameters were proposed to study the disper− sion characteristics of different slab waveguide structures comprising LHMs, as well as linear and nonlinear media [10, 11] . A patch antenna based on I−shaped LHM by using the method of finite difference time domain was investi− gated and the results showed the existence of a wave reso− nance state at 6.7 GHz [12] . Tunable giant Goos−Hänchen shift was realized by adjusting the applied electric field on electro−optic crystal in a prism−waveguide system in which surface plasmon resonance is excited by LHM, and in such a way the giant Goos−Hänchen shift was modulated with high flexibility [13] . The dispersion relations and conditions for surface polariton excitation in different waveguide struc− tures comprising a metal and a dispersive LHM were stud− ied [14, 15] . Large lateral shift in a prism−waveguide system with a lossy LHM guiding layer by use of a loss compensa− tion method of cladding layer and substrate was investigated and the necessary conditions for the appearance of large lat− eral shift were obtained [16] . Slab waveguide structures comprising anisotropic LHMs in which the permittivity and permeability are represented as tensors were investigated [17] [18] [19] [20] . The structural dispersion characteristics of guided surface modes in a hollow slab waveguide with a LHM sub− strate or cover were presented [21] . A gain assisted double negative−metallo−semiconductor photonic crystal for blue light with effect of different plasmonic (Al, Ag, Au, Cu) nanorod inclusions was investigated [22] . Planar LHM wa− veguide structures were proposed as efficient optical sen− sors for refractometry applications [23] [24] [25] [26] [27] . The propaga− tion characteristics of electromagnetic wave in lossy LHM were studied using finite−difference time−domain method based on auxiliary differential equation technology [28] .
Reflection and transmission from a frequency−dispersive and lossy LHM slab embedded between two semi−infinite dielectric media were investigated [29] . Effects of loss factor on reflection and transmission through a LHM slab were studied [30] .
In this paper, reflection and transmission of TE waves through a dielectric slab embedded between two identical LHMs are investigated. The LHM is assumed to be realized using two models, the Lorentz and Drude medium models. Reflection and transmission coefficients are derived. Re− flected, transmitted, and loss powers are determined and plotted vs. the angle of incidence, the wave frequency, and the dielectric slab thickness. The effect of the damping fre− quency of the LHM is also investigated.
Basic equations
The waveguide structure considered in this work is illus− trated in Fig. 1 . Region I (z £ 0) and region III (z ³ d) are filled with lossy LHMs in which e and m are simultaneously negative and frequency dependent. Region II is filled with a lossless dielectric film with the parameter e 2 and m 2 and the thickness d. The dispersion of the LHMs considered in this work is assumed to be realized using two models: Lorentz and Drude medium models. In both models, the real parts of the permittivity and permeability are negative in a certain frequency band. In a Lorentz medium model, e(w) and m(w) are given by 
where w ep is the electronic plasma frequency, w eo is the electronic resonance, G e is the electronic damping frequency, w mp is the magnetic plasma frequency, w mo is the magnetic resonance frequency, and G m is the magnetic damping frequency. 
From Eqs. (1)- (4) it is obvious that Lorentz medium model turns to Drude medium model when w eo = w mo = 0. S−polarized waves (TE) of the time−dependence exp(iwt) and the wave number k i = w m e 1 1 is assumed to be inci− dent on the dielectric layer at an angle of incidence q i as shown in Fig. 1 . The electric field in the three regions can be written as
where E i is the amplitude of the incident electric field, k ix and k iz are the x-and z-components of the incident wave number, $ a y is a unit vector, k f and k t are the wave numbers in the regions 0 £ z £ d and z ³ d, R and T are reflection and transmission coefficients, and A and B are the amplitudes of the electric fields in the film layer (0 £ z £ d). The subscript i, f and t refer to incident, film and transmitted medium, respectively.
It is worth mentioning that the x−components of the three wave numbers must be equal according to Snell's law. We have k ix = k fx = k tx = k i sinq i . The normal compo− nents (z−components) differ from a medium to another and are given by . Employing Maxwell's equations, the tangential component of the magnetic field can be ob− tained using
In the three regions, it can be expressed as
Applying the boundary conditions at z = 0, we get The continuity requirement at the interface located at
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where R r r The incident, reflected, and transmitted powers can be written in terms of the reflection and transmission coeffi− cients as
Normalizing the incident electric field to unity, the loss power can be written as
Numerical results
In the following computations, the reflected (P r ), transmit− ted (P t ) and loss (P loss ) powers were calculated and plotted as a function of the angle of incidence, wave frequency and thickness of the film for different values of the damping fre− quency. In Figs. 2, 3 and 4, the LHM was assumed to be dispersive according to the Lorentz medium model in which e(w) and μ(w) are given by Eqs. (1) and (2), whereas in Figs. 5, 6 and 7, the LHM was described by the Drude me− dium model in which e(w) and μ(w) are given by Eqs. (3) and (4) . In the calculations, the following parameters were used as in Refs. 5 and 29, w ep = 2p ×12.8 GHz, w eo = 2p × 10.3 GHz, w mp =2p × 13.0 GHz, and w mo = 2p × 8.0 GHz. The frequency of the incident wave was w = 2p × 11.5 GHz at which Eqs. (1) and (2) give negative values for e(w) and μ(w). The electronic and magnetic damping frequencies were assumed to be equal to each other, G e = G m = G. All calculations were carried out at G = 2p × 0.1 GHz, 2p × 0.5 GHz and 2p ×1GHz. The waveguide structure under con− sideration was assumed to be symmetric in which e 1 = e 3 and μ 1 = μ 3 . The slab was taken to be lossless dielectric for which μ 2 = μ o (free space) and e 2 = 16 e o (Germanium). The reflected (P r ), transmitted (P t ) and loss (P loss ) po− wers are shown as a function of the angle of incidence in Fig. 2 . The angle of incidence was varied from 0°(normal incidence) to 90°(incidence parallel to the interface). As can be seen from the figure, at normal incidence, the re− flected power is zero and the transmitted power is unity. Extremely low reflected and high transmitted powers can be observed for an angle of incidence below 30°. After this angle, the reflected power increases and the transmitted power decreases consistently with the angle of incidence. No transmittance is observed and all the incident beam is reflected when the incident beam is parallel to the interface (q i = 90°). For angles of incidence below 50°, the effect of the damping frequency (G) is barely detectable. For angles of incidence greater than 50°, the reflected power decreases and the transmitted power increases when G increases from 0.1 GHz to 1 GHz. The damping frequency has no effect at normal (q i = 0°) and parallel (q i = 90°) incidence. The loss power has very small values for all damping frequencies considered. When G = 0.1 GHz, the loss power has the range of -0.011 < P loss < 0 whereas it has the range of -0.042 < P loss < 0 when G = 0.5 GHz. For G = 1 GHz, the loss power is found to be in the range of -0.069 < P loss < 0. The three curves of the loss power exhibit a dip between q i = 52°and q i = 54°. It should be noted that the low loss condition occurs when G = 0.1 GHz. This means that the real part of e and μ of the LHM is much greater than the imaginary part of them [29] . This implies that real part of the complex wave number is also much greater than the imaginary part of it. The complex wave number of the LHM is given by ( ) ( ) , (22) which may be written as
where μ 1r , μ 1i , e 1r , e 1i , k r , and k i are all positive real numbers. The frequency variations of the reflected, transmitted, and loss powers are illustrated in Fig. 3 for an angle of inci− dence of 30°at different values of the damping frequency. The frequency range considered was 10.31 GHz < w < 12.79 GHz in which e and μ of the LHM are simultaneously negative. This range can be altered by considering different values of w ep , w eo , w mp and w mo . As can be seen from the figure, the structure behaves as a band−pass filter. In the band 10.31 GHz < w < 11.76 GHz, the structure exhibits high transmission and low reflection whereas in the band 11.76 GHz < w < 12.79 GHz it shows P r~1 and P t~0 .
Moreover, in the first band (below 11.76 GHz), the effect of the damping frequency on P r and P t is barely detectable. As G increases from 0.1 GHz to 1 GHz in the second frequency band, the reflected power decreases and the transmitted power increases. The power loss has extremely low values in all the frequency range 10.31GHz < w <12.52 GHz. For w > 12.52 GHz, the power loss increases with the frequency and the damping frequency, as well. Figure 4 depicts the slab thickness variations of the reflected, transmitted and loss powers at an angle of inci− dence of 30°and frequency of 11.5 GHz. The slab thickness was varied from l/5 (0.522 cm) to l (2.609 cm) as in Ref.
29. As the figure shows, P r , P t and P loss have oscillatory decreasing and increasing features with the slab thickness. The reflected power never reaches unity but the transmitted one reaches unity at definite and equally spaced frequen− cies. It can be concluded that the response of the powers with the slab thickness has a non−fixed characteristics. The loss power still shows extremely low values and can be reduced by decreasing the damping frequency.
In Figs. 2, 3 , and 4, the LHM was assumed to have Lorentz medium model dispersion. In the following figures, the LHM was considered to be dispersive according to the Drude medium model. The permittivity and permeability of the LHM are calculated using Eqs. (3) and (4). In the fol− lowing calculations, we consider w mp = 10.95 GHz and w ep = 14.50 GHz. The damping frequencies are taken to be equal to each other. The design frequency is selected to be w o = 6.0 GHz and the slab thickness is assumed to be w o /2. Figure 5 presents the reflected, transmitted and loss powers for the Drude medium model LHM structure vs. the angle of incidence. The figure shows a consistent variation of P r and P t with the incidence angle. The reflected power increases monotonically with q i whereas the transmitted one decre− ases monotonically with q i . The effect of G on P r and P t is insignificant. Compared to Fig. 2 (c) in which Lorentz model was adopted, Fig. 4(c) shows that the loss power is much less when the Drude model is considered. The variation in the damping frequency does not affect the values of the loss powers at low angles of incidence. The low loss condition occurs as in the Lorentz medium model when G = 0.1 GHz. Figure 6 illustrates the frequency response of the reflected, transmitted and loss powers at an angle of incidence of 30°. The frequency range in which e and μ of the LHM are nega− tive is between 2.0 GHz and 10.94 GHz. This range is much wider than that obtained in the Lorentz medium model. As can be seen from the figure, the reflected power decreases up to 8.8 GHz at which it vanishes. After this frequency, it increases sharply towards unity. The transmitted power be− haves in opposite manner to that of the reflected power. It increases consistently with the frequency up to 8.8 GHz at which it reaches unity. After this frequency, the transmitted power decreases to approach zero. The loss power remains almost constant with frequency. It still has low values and can be reduced with decreasing the damping frequency. Fi− gure 7 investigates the behaviour of the reflected, transmit− ted and loss powers with the slab thickness which was var− ied from l/5 (1.0 cm) to l (5 cm). As can be observed from the figure, P r , P t and P loss exhibit an oscillatory behaviour with the slab thickness for all damping frequency values. It is worth comparing the results of the current work with the results obtained in Ref. 29 in which a slab of LHM was assumed to be embedded between two dielectric media. In the results of Ref. 29 , the loss power can reach up to 80% in some waveguide configurations. In the current work, the loss power did not exceed 10% in most configurations. Moreover, the results of Ref. 29 showed a considerable effect of the damping frequency on the reflected, transmit− ted and loss powers. In the current work, the effect of the damping frequency is barely detectable for most configura− tions. Our results can also be compared with the experimen− tal results obtained in Ref. 31 in which the reflectance− transmittance profile shows a band of allowance but the transmittance does not reach unity.
In the above calculations, the slab thickness was assu− med to have the range from 1 cm to 5 cm in analogy to the previous works in Refs. 29 and 30. However, the structure can be operated in the millimeter range since the wave fre− quency was assumed to have the range from 2 GHz to 12 GHz, which corresponds to a wavelength of order of 0.25 mm to 1.5 mm. Figure 8 shows the reflected, transmitted 
and
The reflected, transmitted and loss powers are shown as a function of the angle of incidence in Fig. 9 for p−polariza− tion. Many significant differences can be observed between Fig. 2 (TE waves) and Fig. 9 (TM waves). As can be seen from Fig. 9 , low reflected and high transmitted powers can be observed for angles of incidence below 45°. When the angle of incidence exceeds 45°, the reflected power incre− ases and the transmitted power decreases consistently. The reflected power does not saturate at a certain angle of inci− dence as in the TE case. For angles of incidence greater than 50°, the effect of damping frequency on the reflected and transmitted powers is considerable compared to that on TE waves. There is a dramatic increase in the loss power for TM waves when compared to TE waves. As Fig. 9 shows, the loss power can reach 12% for some configurations whe− reas it doesn't reach 7% in case of TE.
It is worth mentioning that there are two basic loss mechanisms: the absorption in the waveguide materials and the scattering by geometry irregularities, material defect, and inhomogeneities [32] . Scattering loss can be attributed to the grain size and composition fluctuations in wavegui− des based on glass and other amorphous materials [33] . The material absorption is a basic and inherent loss mechanism present in all materials whereas scattering loss depends on the distribution of the material defect and surface rough− ness. In the current work, loss due to scattering was ignored because it can be reduced or minimized by improving the fabrication processes and treatment of the waveguide struc− ture.
Conclusions
In this work, reflection and transmission of TE−waves from a symmetric structure comprising a dielectric slab surro− unded by two identical LHMs were investigated. The was assumed to obey Lorentz and Drude medium models. After formulating the electric and magnetic fields in the three layers and applying the boundary conditions, the ref− lection and transmission coefficients were determined. Using these coefficients, reflected, transmitted and loss po− wers were studied numerically with the angle of incident, frequency, damping frequency and slab thickness. Many interesting features were observed. The operating frequency range is much wider when Drude medium model is as− sumed. The effect of the damping frequency on reflected, transmitted and loss powers is barely detectable. Generally, the loss power is found to have very small values for all damping frequencies considered. The proposed structure can act as a band pass filter in a particular frequency range.
